Androgen receptor (AR) is a transcription factor that is activated upon binding to testosterone (T) and is implicated in regulating the expression of reproduction-related genes. The human AR gene (Xq11-12) spans 186,588 bp and eight exons. N-terminal transactivation domain of the encoded AR protein harbours two polymorphic stretches of identical amino acids, a polyglutamine tract (encoded by 8-37 CAG-repeats) and a polyglycine tract (encoded by 10-30 GGN-repeats). We set forward to analyse independent and combinatory effects of the length of these repetitive tracts on male reproductive hormones, testicular and sperm parameters in a population-based cohort of Baltic young men (n = 974; aged 20.1 AE 2.1 years). We designed an assay to amplify and detect simultaneously the variants of both polymorphic repeats. The study revealed that elongated AR CAG tract was associated with lower FSH (linear regression: p = 0.0002, effect per repeat À0.056 IU/L). As a novel finding, the carriers of GGN-stretch with ≥24 repeats showed a trend for decreased sperm concentration (p = 0.027). Although neither of the variants exhibited an isolated effect on circulating T, their allelic combinations modulated serum T levels, as well as sperm concentration. The lowest T was measured for men carrying the AR gene with long CAG (n ≥ 25) and short GGN (n ≤ 21) repeat tracts (mean 18.8 vs. 25.5-28.6 nmol/L for the other AR variants, p = 0.017). The lowest sperm concentration was detected among individuals with both elongated repetitive stretches (CAG, n ≥ 25 and GGN, n ≥ 24; mean 49.0 vs. 68.4-72.1 mill/mL for the other variants; p = 0.00059). The innovative study design enabled to clearly demonstrate a combinatory impact of CAG and GGN repeat lengths at male reproductive parameters. As AR regulates transcription of over 900 genes in many tissues and organs, the combinatory effects of these common repeat-length variants on male physiology in the wider context and across lifetime are still to be assessed.
INTRODUCTION
The androgen receptor (AR) mediating androgen action is primarily involved in sexual differentiation during embryogenesis, growth of accessory sex organs as well as normal sperm production. In human, the large AR gene (chromosome Xq11-12) spans 186,588 bp and eight exons, and encodes the AR protein of 919 amino acids. AR is widely expressed in various tissues including skin, fat, liver, muscles, brain, pineal gland; and in male-specific organs such as prostate and seminal vesicles. AR functions as a ligand-dependent transcription factor that regulates the expression of androgen-responsive genes. Knockout models of male mice indicate that AR activity is essential in Sertoli and Leydig cells because of AR's role in spermatogenesis and steroidogenesis respectively (reviewed in Wang et al., 2009) .
Exon 1 of the human AR gene encodes for the N-terminal transactivation domain (Faber et al., 1989) . It harbours two stretches of identical amino acids with polymorphic length variation, a polyglutamine tract (encoded by 8-37 CAG repeats; GRCh38.p2: chrX:67545318-67545383) and a polyglycine tract . The two variable regions are located~1 kb from each other and are separated by 359 amino acids of non-polymorphic sequence.
The most typical number of CAG repeats differs among ethnicities and ranges from 20 to 24 (Ryan & Crespi, 2013) . The most prevalent GGN tract consists of 23-24 repeats (Lundin et al., 2006) .
Both polymorphic (CAG) n and (GGN) n stretches are located in the critical region for AR function. An inverse correlation has been identified between the length of CAG-stretch and AR transactivation capacity in vitro and in vivo (Chamberlain et al., 1994; Choong et al., 1996; Buchanan et al., 2004) . Seminal clinical findings linked abnormally expanded CAG tract (>40 repeats) with reduced fertility and low sperm counts (La Spada et al., 1991) . Meta-analysis across~4000 fertile and infertile men of European origin has reported that the carriers of a prevalent allele with 22 CAG repeats have a lower risk for developing infertility compared to the men with longer and shorter repeats (Nenonen et al., 2011) . The association was further supported by the most recent meta-analysis including 40 studies (3858 cases and 3161 controls) published from 2000 to 2015 (Xiao et al., 2016) . Regarding the AR GGN-repeat tract, in vitro studies have shown that the most common variant (GGN n = 23) exhibits the highest transactivating capacity when compared with shorter or longer GGN stretches (Lundin et al., 2007) . In contrast to the length of the CAG stretch, no significant association with male infertility has been identified for the GGN-tract length (Tut et al., 1997; Rajender et al., 2006) .
Whereas there has been shown a solid link between extreme AR CAG-repeat expansions and male infertility, results of genetic association studies addressing the effects of AR CAG and GGN repeat lengths on male hormonal and testicular parameters have been less conclusive. Several studies have demonstrated a positive correlation between serum testosterone (T) level and CAG repeat number, which in some cases was accompanied with higher oestradiol levels (Krithivas et al., 1999; Crabbe et al., 2007; Huhtaniemi et al., 2009; De Naeyer et al., 2014) . Other studies have not confirmed this association (Van Pottelbergh et al., 2001; Harkonen et al., 2003; Goutou et al., 2009; Andersen et al., 2011; Brokken et al., 2013) . One source of inconclusive results might stem from the study groups, which in some studies are infertile men with affected reproductive physiology, and in other cases population-based cohorts representing various age-groups. Also, some studies may have lacked statistical power because of relatively small sample size. There are limited studies with contrasting results targeting the repeat number in the GGN-tract in association with serum testosterone (Bogaert et al., 2009) . Only one study has addressed the effect of both CAG and GGN repeat numbers among proven-fertile European men (n = 557) on 21 reproductive parameters, suggesting a curvilinear relationship of the repeat tract lengths with serum hormone and semen characteristics (Brokken et al., 2013) .
We set forward to analyse independent and combinatory effects of the length of these repetitive tracts on male reproductive hormones, testicular and sperm parameters in a welldescribed population-based cohort of Baltic young men (n = 974; aged 20.1 AE 2.1 years). We designed an assay to amplify and detect simultaneously the variants of both polymorphic repeats. The study revealed that longer AR (CAG) n tract was associated with lower FSH and longer (GGN) n stretch with decreased sperm concentration. Although neither of the repeat tracts exhibited an isolated effect on circulating T among young healthy men, their allelic combinations modulated serum T levels, as well as sperm concentration.
MATERIALS AND METHODS

Subjects
The Baltic male cohort was recruited between May 2003 and June 2004 among the participants in a prospective study Environment and Reproductive Health (EU 5th FP project QLRT-2001-02911 ) in parallel at three study centres (Tartu, Estonia; Riga, Latvia; Kaunas, Lithuania). All study subjects were of white European ancestry. The three neighbouring Baltic populations Estonians, Latvians and Lithuanians are genetically related to other Northern European populations (Nelis et al., 2009) . These populations, living in a restricted territory surrounded by the Baltic sea in north and west, Russia in east, Belarus and Poland in south have experienced over thousands of years joint demographic and cultural history, and exhibit minimum inter-population heterogeneity in their genetic composition and life style. This allowed analysing the Baltic young male cohort as one study group in the current project and in previously published genetic association studies (Grigorova et al., 2011 (Grigorova et al., , 2013 (Grigorova et al., , 2014 . In addition, all genetic association tests have been adjusted for the recruitment centre.
The recruitment and phenotyping protocols at the participating centres were identical. Study participation was voluntary and written informed consent was obtained from all subjects. Details of the study group formation were described previously (Punab et al., 2002; Grigorova et al., 2011) . Briefly, men were recruited to the study at the Centre of Andrology, University Clinic of Tartu, Estonia (n = 578; born and living in Estonia), at the Riga Family and Sexual Problems Centre, Latvia (n = 300; born and living in Latvia), and at the specialized laboratory of the Institute of Endocrinology, Kaunas University of Medicine (n = 326; born and living in Lithuania). Cohort participants with clinical factors leading to strongly deviated reproductive physiology (lack of spermatozoa in ejaculate, i.e. azoospermia, n = 2; cryptorchidism, n = 17; abuse of anabolic steroids, n = 1; orchitis with unilateral testis damage, n = 1; unavailable DNA sample, n = 120) have been excluded. Genetic tests were applied according to the European Association of Urology Guidelines on Male Infertility (European Association of Urology, 2015) and no study participants were detected with genetic abnormalities. For this study, DNA sample was not available for 89 subjects. The final number of young men genotyped for AR CAG and GGN repeats was 974 (aged 20.1 AE 2.1 years; Table 1 ).
The study has been approved by the Ethics Committee of Human Research of the University Clinic of Tartu, Estonia (approval date 27.01.2003), the Ethics Committee of Riga Stradins University, Latvia (23.04.2003 ) and the Regional Ethics Committee of Kaunas, Lithuania (approval no.13, 2003) .
Hormone assays
For study participants, venous blood was obtained from the cubital vein in the morning and serum was separated immediately and stored at À20°C at the centre of recruitment. For hormonal and biochemical analyses (FSH, LH, testosterone, SHBG, oestradiol, inhibin B) , the collected frozen serums at each of the three study centres were sent for the laboratory tests to the Department of Growth and Reproduction in Copenhagen 496 Andrology, 2017, 5, 495-504 (The Juliane Marie Centre, Rigshospitalet, Copenhagen, Denmark) in the framework of the project Environment and Reproductive Health (EU 5th FP project QLRT-2001-02911) . Serum levels of FSH, LH and sex-hormone binding globulin (SHBG) were determined using time-resolved immunofluorometric assays (Delfia, Wallac, Turku, Finland) . Total testosterone levels were determined using a time-resolved fluoroimmunoassay (Delfia, Wallac, Turku, Finland), oestradiol by radioimmunoassay (Pantex, Santa Monica, CA, USA) and Inhibin B by a specific two-sided enzyme immunometric assay (Serotec, Oxford, UK) at the Department of Growth and Reproduction in Copenhagen, Rigshospitalet, Denmark in the framework of the Environment and Reproductive Health (EU 5th FP project QLRT-2001-02911). The intra-and interassay coefficients of variation (CV) for measurement of both FSH and LH were 3 and 4.5% respectively. CV for both TT and SHBG were <8% and <5% respectively; and CV for oestradiol and inhibin B were 7.5 and 13%, and 15 and 18% respectively. Free testosterone levels were calculated from measured TT, SHBG and fixed albumin levels (43 g/L) using the Vermeulen's equation (Vermeulen et al., 1999) .
Physical examination and semen analyses
Participants were examined by clinical investigators who had passed special clinical training. Physical examination for the assessment of genital pathology and testicular size was performed with the man in standing position. If necessary, pathologies were clarified further with the men in supine position. The orchidometer (made of birch wood, Pharmacia & Upjohn, Denmark) was used for the assessment of testicular size. The total testes volume is the sum of right and left testicles.
Semen samples were obtained by masturbation and all semen values were determined in accordance with the World Health Organization (WHO) criteria valid at the time of recruitment (World Health Organization, 1999) . In brief, after ejaculation, the semen was incubated at 37°C for 30-40 min for liquefaction. Semen volume was estimated by weighing the collection tube with the semen sample and subsequently subtracting the predetermined weight of the empty tube assuming 1 g = 1 mL. For assessment of the sperm concentration, the samples were diluted in a solution of 0.6 mol/L NaHCO 3 and 0.4% (v/v) formaldehyde in distilled water. The sperm concentration was assessed using the improved Neubauer haemocytometers.
Genotyping
Genomic DNA was extracted from peripheral blood using a modified version of the salting-out method (Miller et al., 1988) . Genotyping of the AR CAG and GGN repeats was performed in the laboratory of the Department of Genetics, United Laboratories (Tartu University Hospital), using fragment analysis PCR, with one primer in the pair labelled with a fluorescent dye. The primer sequences for the amplification of the AR CAG repeat tract were as follows: 6-carboxy-fluorescine ( Tartu, Estonia) and 10 ng genomic DNA. For the fragment analysis both of the targeted AR gene trinucleotide repeat regions were co-amplified in one amplification reaction (duplex-PCR) in Eppendorf Mastercycler (Eppendorf, Hamburg, Germany) as follows: 15 min initial denaturation, 30 cycles of denaturation at 95°C for 15 sec, annealing at 62°C for 30 sec, extension at 72°C for 1 min followed by 20 min final elongation at 72°C. Negative (water added, no DNA) and positive controls were included in every PCR experiment. Numbers of GGN or CAG repeats in positive control GGN24-CAG17 (Figure S1B,C) were initially determined by single-plex PCR and subsequent Sanger sequencing using same unlabelled primers as described for fragment analysis. There were no differences in the genotyping results of single-and duplex-PCR methods. Both fluorescently labelled and unlabelled DNA fragments were run on a 96-capillary Applied Biosystems â 3730xl Genetic Analyzer (ABI Prism, Perkin-Elmer Applied Biosystems, Foster City, CA, USA). In fragment analysis reaction, GeneScan 500 ROX Size Standard (Life Technologies, Carlsbad, CA, US) developed for use with the Applied Biosystems fluorescence-based DNA electrophoresis systems was used as an internal lane size standard. The fragment analysis data was analysed and processed using GENEMAPPER V4.0 software (Life Technologies). Exact number of CAG and GGN repeats for each analysed DNA was calculated by the GENEMAPPER software based on the commercial internal lane size standard and a reference male DNA samples with known (previously sequenced) AR CAG and GGN repeat numbers.
Statistical analyses
Statistical analysis was performed using STATA/SE version 13.1 (http://www.stata.com). Descriptive statistics are expressed as meanAESD and median (5th-95th percentiles). A Pearson's product-moment correlation was run to assess the correlation between the number of AR CAG and GGN repeats. Crude associations between AR CAG and GGN repeat numbers and reproductive parameters were initially assessed using scatter plots, superimposing regression line and 5th-95th confidence intervals. Furthermore, linear regression analysis with reproductive parameters as the dependent variables was performed. All genetic association tests were adjusted for the potential confounding factors as defined previously (age, BMI, blood sampling time, smoking status and recruitment centre) (Grigorova et al., 2011) . Hormone measurements were additionally corrected for blood sampling time to exclude the effect of diurnal changes in serum hormones, and semen parameters were corrected for ejaculation abstinence period according to the analysis settings described previously. Outcome measures (hormonal and testicular parameters), age, BMI, abstinence period (in hours) and blood sampling time (in minutes after 8am, i.e. 8am = 0, 8:05am = 5) were included into the regression models as continuous variables. Smoking status and recruitment centre were treated as categorical predictors. In linear regression models, the numbers of the AR CAG and GGN repeats were treated as continuous variables. Values of several studied hormonal (FSH, LH, testosterone, SHBG, oestradiol, Inhibin B) and semen parameters (sperm concentration, total sperm count), as well as total testes volume were non-normally distributed. For linear regression analyses, natural log-transformation was used as an acknowledged approach to achieve approximate normal distribution of values. The normality of distribution of transformed values was inspected visually on generated histograms, and assessed statistically using Kolmogorov-Smirnov test. In all cases (except sperm counts), the applied transformation resulted in a close-to-normal distribution of values. The study sample was also stratified into three subgroups based on the detected number of CAG or GGN trinucleotide repeats as suggested in the recent literature (Brokken et al., 2013) . For the detected CAG repeat number, the following categorization of the study subjects was applied: 'short' for CAG≤21; (sCAG), 'medium' for 22≤CAG≤24 (mCAG) and 'long' for CAG≥25 (lCAG). For the detected GGN repeat number, the categorization of the study subjects was: 'short' for GGN≤22 (sGGN), 'medium' for GGN = 23 (mGGN) and 'long' for GGN≥24 (lGGN).To study the combined effects of the (CAG) n and (GGN) n alleles, subjects were further subdivided into nine groups (i.e. lCAG-sGGN = long CAG-short GGN, etc). In the subsequent analysis these subgroupings were treated as categorical predictors. Non-parametric Kruskal-Wallis or Mann-Whitney U-tests were used to test the difference between the medians and distributions of the outcome parameters for the subgroups. p < 0.05 was considered statistically significant.
RESULTS
Distribution of AR CAG-and GGN-repeat variants among study population
Two polymorphic triplet-repeat stretches, (CAG) n and (GGN) n in the Androgen Receptor (AR) gene were genotyped in the Baltic young male cohort (n = 974, aged 20.1 AE 2.1 years Table 1 ). In the study population, the median number of both, CAG and GGN repeats was 23 (range 13-33 and 19-27, respectively) (Fig. 1A,B) . The lengths of the CAG and GGN repeat tracts were weakly, but statistically significantly positively correlated (Pearson's r = 0.142, p = 8.5 9 10 À6 ) (Fig. 1C) . The carriers of the AR gene with longer CAG-tend to also have longer GGN-tract.
Longer Androgen Receptor CAG-repeat stretch is associated with lower FSH In linear regression model, longer AR CAG repeat region was significantly associated with lower serum FSH level after adjustment for age, BMI, recruitment centre, blood sampling time and smoking status (p = 0.002; b coefficient, À0.056 IU/L; 95% CI, À0.020, À0.091; Fig. 2A , Table S1 ). The most notable difference Figure 1 Distribution and prevalence of the Androgen Receptor (AR) gene variants in the Baltic young men cohort (n = 974) for polymorphic (A) (CAG) n and (B) (GGN) n triplet repeats and (C) correlation among the number of repeats within the two repeat tracts. (A) Subgroup 'short CAG' represents men with the AR variant with CAG≤21 (29.8%), 'medium CAG' with 22≤CAG≤24 (48.9%) and 'long CAG' with CAG≥25 (21.3%) repeats respectively. (B) Subgroup 'short GGN' represents men with the AR variant with GGN≤22 (13.9%), 'medium GGN' with GGN = 23 (50.2%) and 'long GGN' with GGN≥24 (35.9%) repeats respectively. (C) Solid line and shaded area represent regression line and 5th-95th confidence interval respectively. Pearson productmoment correlation coefficient (r) and p-value (two-tailed) are shown.
498 Andrology, 2017, 5, 495-504 in serum FSH level was detected between the subjects with ≤21 CAG repeats (median, 2.92 IU/L; n = 290, 29.8% of the cohort) and the subgroup with ≥25 CAG repeats (2.53 IU/L; n = 208, 21.4%; Mann-Whitney U-test, p = 0.014) (Fig. 2B, Table 2 ).
Among the analysed young men, no statistically significant evidence was found for the association of the CAG stretch length with total or free testosterone and the other male reproductive parameters ( Figures S3A and S4A) .
The AR variants with ≥24 GGN-repeats are associated with decreased sperm concentration In linear regression model, the length of the AR (GGN) n stretch showed no statistically significant association with any hormonal and testicular parameters (Fig. 2C, Table S1 , Figure S3B ). However, it is noteworthy that 50.2% of men carried the AR gene with 23 GGN repeats, indicating to the positive selection towards this variant (Fig. 1B) . In subgroup comparisons, men with shorter (n ≤ 22 repeats) and longer (n ≥ 24) GGN-tract differed significantly for their sperm quality (Table 3) . Long (GGN) n stretch was associated with lower sperm concentration (60.2 mill/mL; n = 350, 35.9% of the cohort), whereas men with short repetitive region tend to have the highest values (68.4 mill/mL; n = 135, 13.9%; Mann-Whitney U-test p = 0.027) (Fig. 2D) .
No other associations between reproductive parameters (including total and free testosterone) in young men and the AR polymorphic GGN repeat number reached statistical significance ( Figures S3B and S4B ).
Combinatorial effect of the length of AR CAG and GGN stretches
As the two polymorphic repeat stretches, (CAG) n and (GGN) n , in the AR exon 1 are located in the close proximity to each other (~1 kb), we set forward to examine their possible combinatorial effects on male reproductive parameters. The study subjects were subdivided into nine groups based on the carrier status of the combination of short (s), medium (m) and long (l) CAG and GGN repeat stretches (group definitions are detailed in Methods). The least prevalent variant of the AR gene carried long CAG (n ≥ 25) and short GGN (n ≤ 22 repeats) repeat tracts (n = 13, 1.3% or n = 16, Table S2 ). The most prevalent allelic combination in the AR gene was carrying both repetitive tracts with medium number of repeats -22, 23 or 24 CAG repeats combined with 23 GGN triplets (mCAG-mGGN, n = 265, 27.2% of study subjects).
Men with the AR variant combining both, long CAG (n ≥ 25) and long GGN (n ≥ 24) tracts exhibited the lowest sperm concentration and counts (n = 76; 7.8% of the group; Fig. 3 , Table S2 ). Median sperm concentration in lCAG-lGGN group was approximately one third lower compared to the men with other AR gene variants (median 49.0 vs. 61.5-72.8 mill/mL, Figure 2 Statistically significant effect of the length of the Androgen Receptor (AR) (CAG) n and (GGN) n stretches on male reproductive parameters among young Baltic men. Scatter plots show linear relationship between (A) (CAG) n repeat number and serum FSH level and (C) (GGN) n repeat number and sperm concentration. Solid line and shaded area represent regression line and 5th-95th confidence intervals respectively. Linear regression p-value and coefficient (b) are shown. Tukey boxplots comparing the distribution of (B) serum FSH levels and (D) sperm concentration in the study sample subgrouped based the number of either CAG or GGN repeats respectively. The numbers above the boxes represent median values. M-W, Mann-Whitney U-test.
Mann-Whitney U-test, p < 0.00059). As a feedback of less efficient testicular function, this subgroup of men exhibited also the highest serum LH (p = 0.029). The combined effect of long CAG and short GGN repeat stretch is demonstrated in the lowest total testosterone levels in this subgroup compared other variant carriers (median 18.8 vs. 25.6-28.6 nmol/L, p = 0.017; Fig. 3 , Table S2 ). Similar trend was detected for calculated free testosterone, oestradiol and testes volume.
No combinatory effects of the CAG and GGN repeat numbers were detected on serum FSH levels.
DISCUSSION
The current report in a Baltic young men cohort (n = 974) represents the largest study investigating separate and combinatorial effects of the Androgen Receptor (AR) CAG and GGN polymorphic stretches on hormonal, testicular and sperm parameters among young healthy men. The advantage of the study sample is a narrow age-group (20.1 AE 2.0 years), minimizing the effect of ageing to confound genetic association testing. Our genotyping method allows for robust and simultaneous analysis of the AR CAG and GGN repeats in one duplex-PCR reaction, and is potentially applicable in routine molecular diagnostic settings.
Microsatellite repeat length distributions among Baltic young men were in agreement with the published data on European populations (Lundin et al., 2006; Bogaert et al., 2009; Huhtaniemi et al., 2009; Ryan & Crespi, 2013) . Contrary to the study reporting a weak inverse relationship between CAG and GGN lengths (Bogaert et al., 2009 ), we identified a significant positive correlation between AR repeat numbers. The discrepancy between the studies may result from ethnic and genetic differences among the subjects in the two studies. Also, the presence of outlier alleles with long and short trinucleotide tracks in the studies may affect the type and strength of the correlation. The functional effect of the alternative combinations of number of CAG and GGN-repeat numbers on the encoded AR protein and its clinical relevance is unclear and remains to be studied further, e.g. using in silico computational approach to the structural modelling of AR molecule with different CAG and GGN allele sizes.
As the main outcome, the study demonstrated robust associations between an elongated AR CAG repeat tract and lower male serum FSH level, as well as between long GGN stretch (≥23 repeats) and approximately 12% lower sperm concentration. For the first time, a notable combinatorial effect of the length of these triplet repeat variants was detected on sperm concentration and testosterone level, indicative to the potential joint effect on the AR protein structure and its transactivation capacity.
Identification of the significant linear association between longer AR CAG repeat tract and lower serum FSH level in our study group of young men is in agreement with the published results on inverse linear relationship between the number of CAG repeats and circulating FSH concentration in ageing men (Huhtaniemi et al., 2009) . Men with long CAG tracts exhibit up to 14% lower serum FSH level compared to subjects with short Table 2 Reproductive parameters of the Baltic young men study group (n = 974) stratified based on the AR polymorphic CAG-repeat stretch Parameter CAG repeat number CAG≤21, 'short' n = 290 22 ≤ CAG≤24, 'medium' n = 476 CAG≥25, 'long' n = 208 500 Andrology, 2017, 5, 495-504 CAG repeats (Fig. 2) . Demonstration of a significant and independent effect of the length of the GGN stretches on sperm output represents a novel finding (Fig. 2) . We acknowledge that using two parallel approaches for statistical analysis (linear regression and subgroup comparisons) may increase the risk of chance findings. However, reaching identical conclusions using both approaches, confirms the robustness of the identified genetic effect. This study for the first time provides evidence for the combinatorial effect of the AR (CAG) n and (GGN) n tract lengths on reproductive parameters among young healthy men. The subgroup with the AR allele combining long CAG tract and long GGN tract had the lowest sperm quality compared to all other AR variants (Fig. 3) . Interestingly, these men were measured highest serum total T and LH levels, but no effect on testicular volume. In contrast, the least prevalent AR variant combining long CAG repeat tract (≥25 repeats) and short GGN (≤22 repeats) stretch exhibited the lowest total T and combined testes volume. We acknowledge that the study may have had limited power for robust association testing of the combinatorial effect in small subgroups such as the lCAG-sGGN and larger studies are warranted to confirm or reject these pilot observations. Additional limitation of the study was the lack of data on the recruited young men regarding the potential exposures to environmental toxicants and thus, it was not possible to correct the outcome of conducted genetic tests respectively.
In our study on very young men (20.1 AE 2.0 years), no individual effect was detected either for the CAG or the GGN tract length on total or free T levels, and oestradiol. In contrast, the seminal study carried out among ageing men (Massachusetts Male Aging Study, MMAS; n = 882, age 53 AE 8 years) showed that androgen levels may be modulated by the AR genotype (Krithivas et al., 1999) . Consistently, European Male Aging Study (EMAS, n = 2878, 59.9 AE 11.1 years) also reported positive correlation between CAG repeat number and the levels of total, free and bioavailable T (Huhtaniemi et al., 2009 ). Whether there is indeed an age-related effect of the AR CAG-repeat stretch on modulating serum T and male reproductive parameters has to be addressed in future studies, including combinatory effect with (GGN) n .
What types of molecular mechanisms could underlie independent and combinatorial effects of AR (CAG) n and (GGN) n tract lengths on male reproductive parameters observed in our study? It has been shown that AR can be detected in various testicular cells like Sertoli cells, peritubular myoid cells and cells in the interstitial spaces including Leydig cells and perivascular smooth muscle cells (reviewed in Wang et al., 2009) . AR acts as a transcription factor regulating expression of vast repertoire of genes involved in sexual development, spermatogenesis and steroidogenesis. Genome-wide identification of AR-regulated genes translated in Sertoli cells in vivo detected more than 900 differentially expressed genes after comparison of wild-type and Sertoli cell-specific AR-knockout mice (De Gendt et al., 2014) . Either up-or down-regulated genes included Fshr (FSH receptor), Nr5a2 (an activator of steroidogenic enzymes), Fst (an inhibitor of activin-mediated signalling pathways) and many other genes involved in regulation of sexual development and reproductive processes. Our results supports that substantial length variation in the poly-glutamine and poly-glycine amino acid tracts within the transactivation domain encoded by the AR triplet repeats may lead to structural and functional consequences of AR function and downstream expressional modulation of many genes.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article: Figure S1 Determination of the length of polymorphic CAG (chrX:67545318-67545383, GRCh38.p2) and GGN (chrX:67546515-67546566, GRCh38.p2) repeat stretches in the first exon of the Androgen Receptor (AR) gene. Figure S2 DNA sequence of the Androgen Receptor gene fragment located within exon 1 and containing polymorphic CAG and GGN repeat stretches. For fragment analysis these trinucleotide-repeat regions were co-amplified in duplex PCR.
© 2017 American Society of Andrology and European Academy of Andrology Andrology, 2017, 5, 495-504 Figure S3 Influence of AR CAG (A) and GGN (B) repeat lengths on male hormonal (serum FSH, Inhibin B, LH, total testosterone, oestradiol) and testicular (total testes volume, sperm concentration, total sperm count) parameters. Figure S4 Tukey boxplots for the distribution of the hormonal and testicular parameters in the Baltic young men cohort (n = 974) stratified based on the lengths of the AR CAG (A) (short, CAG≤21; medium, 22≤CAG≤24; long, CAG≥25) and GGN (B) repeats (short, GGN≤22; medium, GGN = 23; long, GGN≥24). Table S1 Linear regression analysis for the association between AR CAG and GGN repeat numbers and male reproductive parameters. 
